Background: In recent years, the meteorological extreme events have caused the direct economic losses and human mortality increased significantly. While there has been a paucity of information regarding trends in meteorological disasters in Xinjiang. Based on two extreme climate measurements, i.e., the Palmer Drought Severity Index (PDSI) and the agricultural disaster area, the influence of meteorological disasters on agriculture were analyzed during the period 1960-2010. Results: (1) Temperature extremes exhibited patterns consistent with warming, with a large proportion of stations having statistically significant trends. The warming trends in the indices derived using daily minimum temperatures were greater than those obtained using maximum temperatures. Most of the precipitation indices exhibited increasing trends across the region, and the increased precipitation was due to the increase in both precipitation frequency and intensity. (2) The drought indices increased significantly in most regions of Xinjiang, and the seasonal PDSI exhibited significant correlations with the annual PDSI. For the entire geographical study area, two contrasting periods were evident in the PDSI between 1961 and 2010. Wet conditions dominated from 1987 to 2010, whereas persistent drought conditions occurred from 1960 to 1986. (3) Increased climate extremes resulted in increased agricultural disaster area. During warm summers, the droughts intensified; the corresponding snowmelt flood also became stronger. In addition, the sharply reduced effective irrigation area exacerbated the increased agricultural disaster area.
Background
According to the World Meteorological Organization (WMO) estimate, losses caused by meteorological disasters have accounted for 85% of the total losses cause by natural disasters (Qiang et al. 2001; Qing 2008) . In the last 20 years, the direct economic losses caused by meteorological extreme events have increased exponentially, and human mortality has also significantly increased (Loukas et al. 2010) . China is one of the countries that has been most severely affected by the meteorological disasters around the world due to its complex terrain conditions, leading to higher frequencies of extreme weather compared to other countries (Zhang et al. 1991) . The crop disaster area caused by various meteorological disasters has been as high as 5 × 10 7 hectares every year, and the population affected by major meteorological disasters, such as typhoons, rainstorms, droughts, heat waves, and sand storms, has reached 4 × 10 8 (Qing 2008) . During the period 1990-2006, the direct economic losses caused by meteorological disasters in China was 1859 × 10 8 RMB per year, accounting for an average of for 2.8% of the annual GDP (Qing 2008) .
Xinjiang has complex natural conditions that lead to a high frequency of various types of strong natural disasters (Ye and Chen 1996) . Meteorological disasters and their derivative disasters have accounted for 83% of the total loss due to all natural disasters, and the number of deaths has accounted for 85% of the total (Liu 1995) . These disasters have also exacerbated the deterioration of the ecological environment. Some new characteristics of these meteorological disasters and their derivative disasters have been found since the 1980s, including the increase in the types of events, increased frequency, and increased strength. According to incomplete statistics, the average annual loss was 1 × 10 7 -5 × 10 7 RMB, 1.4 × 10 8 RMB, and 20 × 10 8 -50 × 10 8 RMB during the period , during the 1980s, and since the 1990s, respectively, accounting for 2~3.5% of the GDP in Xinjiang. Since the 1980s, the drought disaster area, inundated area, and various economic losses have increased significantly (Xu et al. 2008; Bai et al. 2012; Chen and Gao 2010; Chen et al. 2008) .
Xinjiang is located in the arid region of northwestern China; its ecological environment is very fragile. The recovery period of the agricultural ecological system to disasters is relatively long. Analyzing the effects of meteorological disasters on the agricultural ecosystem in Xinjiang is very important for formulating corresponding disaster prevention countermeasures that can protect the ecological and environmental security. In addition, such an analysis is also favorable for formulating agricultural adaptation and mitigation measures in response to climate change and for maintaining social stability, which are very important for promoting the sustainable development of the national economy.
Description of study area
Xinjiang Province (Figure 1 ) is located in northwestern China. With an area of 16.61 × 10 8 km 2 , Xianjiang is the largest province in China. Xinjiang is a typical inland arid region. The Altai Mountains, Tian Mountains, and Kunlun Mountains extend from north to south in Xinjiang. The Junggar Basin in North Xinjiang and the Tarim Basin in South Xinjiang are located between these three mountains. Xinjiang is divided into southern and northern areas by its natural landscape, resulting in two mountain-basin systems with different hydrological and thermal conditions (Xu et al. 2004 ). The unique mountain-basin landscape is responsible for the frequent occurrence of natural disasters. Alpine areas are distributed widely in Xinjiang and possess numerous glaciers and permanent snow, which increase the frequency of outburst floods. The middle area experiences the highest precipitation in Xinjiang (Gao et al. 2002) , and water erosion is very strong; therefore, floods and snowfalls result in most of the extreme events (Hong and Adler 2008) . In the low mountain areas, active fault zones increase the occurrence of floods, landslides, and debris flows during rainstorms and seasonal snowmelt (Sun et al. 2014 ).
Methods
Daily data, include the maximum temperature, minimum temperature, precipitation, relative humidity, sunshine hours, air pressure, and wind speed (1 January 1960 to 28 February 2011) covering the Xinjiang region were provided by the National Climate Center (NCC) of the China Meteorological Administration (CMA). For this region, 53 stations passed the internal homogeneity check of the China National Meteorological Center (CNMC), including a moving t test (Peterson et al. 1998) , standard normal homogeneity test (Alexandersson 1986) , and departure accumulating method (Buishand 1982) . Data were analyzed using the RclimDex package (software and documentation available for download from http://etccdi.pacificclimate.org/). Table 1 lists the indices used in this study. The regional average is the arithmetic mean of all stations in Xinjiang. The Xinjiang disaster area data were derived from the China Statistical Yearbook and Chinese agricultural statistics. The effective irrigation area and rural power data were also collected from the China Statistical Yearbook and Chinese agricultural statistics.
The PDSI is widely used in drought evaluation studies, which was developed by Palmer (1965) to measure the cumulative departure in atmospheric moisture supply and demand. The PDSI not only accounts for precipitation but also accounts for temperature, which has a large effect on evapotranspiration and soil moisture (Liu et al. 2012) . The PDSI soil parameter that is used for bucket water balance is the available water content (AWC). The AWC was determined from the State Soil Geographic Database (STATSGO) for the top 100 cm of the soil profile. However, a common critique of the PDSI is that the behavior of the index at various locations is inconsistent, making spatial comparisons of the PDSI difficult. The SC-PDSI automatically calibrates the behavior at any location by replacing empirical constants with dynamically calculated values. More details regarding the PDSI and SC-PDSI can be found in the works of Liu et al. (2012) and Wells et al. (2004) .
We used a nonparametric Kendall's tau-based slope estimator in this study (Sen 1968) ; statistical significance for the trends in extreme climate indices was determined using the Mann-Kendall test (Kendall 1975; Mann 1945) . A trend was considered to be statistically significant if it was significant at the 5% level. The results of the M-K test are substantially affected by serial correlation; therefore, we adopted the Yue and Pilon method, which uses the R package "ZYP" to remove lag-1 autocorrelations (Yue et al. 2002) .
Results and discussion

Characteristics of climate extremes
Figure 2 depicts the spatial trends in the temperature indices for cold extreme . For cold nights (TN10), 51 stations (96%) had significant decreasing trends, with a regional trend of −1.89 days/decade. The temperature on the coldest nights (TNn) also exhibited a statistically significant increase at approximately 70% of the stations, and the regional trend was 0.7°C/decade. The cold spell duration indicator (CSDI) (not shown) decreased at a rate of −0.7 days/decade, while only 25% of the studied stations exhibited a significant change.
For the warm extremes ( Figure 2c -d), 83% of the stations exhibited statistically significant trends for warm nights (TX90); the regional trend for TN90 was 1.25 days/ decade. The warmest days (TXx) also exhibited an increasing trend, while only 25% of the stations exhibited significant trends. The warm spell duration indicator (WSDI) (not shown) also increased, and the regional trend was 1.98 days/decade.
The regional seasonal trends in the DTR are shown in Figure 3 . The regional trend in the annual DTR was −0.28°C/decade. Winter exhibit the most significant decreasing trend, with a value of −4°C/decade (Figure 3d ). The decrease in the DTR was because the minimum temperature increased faster than the maximum temperature.
The spatial distribution of the trends in precipitation extremes is show in Figure 4 . For R0.1 (Figure 4c ), which represents the precipitation frequency, 40% of stations exhibited statistically significant changes. As for SDII (Figure 4b ), positive trends were found at 83% of the stations; all stations were less coherent with positive/ negative changes. Heavy precipitation, which was represented by R10 (Figure 4a ), was dominated by increasing trends. The R0.1 and CWD trends were 1.26 days/decade and 0.047 days/decade, respectively. The SDII trend was weaker. Therefore, the precipitation extremes exhibited significant changes in Xinjiang, specifically regarding the change in rainy days (R0.1), heavy precipitation events (R10) and the mean simple daily intensity index (SDII), indicating that the precipitation changes were reflected in both the frequency and intensity.
For the annual PDSI in Xinjiang (Figure 5a ), 42 stations had significant increasing trends. Stations along the Tianshan Mountains and North Xinjiang exhibited more pronounced trends. The seasonal pattern of the PDSI was same as the annual PDSI (Figure 5b-c) , with correlation coefficients exceeding 0.94. A detailed analysis resulted in two contrasting periods ( Figure 6 ). Wet conditions occurred during the period 1987-2010, while persistent drought conditions dominated during the period 1960-1987. The annual PDSI was negative before 1986, and the mean was −1.5, which indicated frequent drought events during these years. Thereafter, the PDSI changed to −0.5; therefore, the PDSI also exhibited a step-wise change around 1986. These results were in accordance with climate (temperature and precipitation) change (Shi et al. 2007 ). Moreover, the PDSI exhibited decreasing trends after 2005, indicating the apparent increase in drought severity.
Influence of meteorological disasters on Agriculture
Agriculture is the most sensitive sector to climate change. Affected by climate change, the agricultural growth process is constantly changing. Climate change has a direct effect on agricultural ecosystems, often lead to increased instability and volatility in agricultural production. The crop acreage in Xinjiang increased at a rate of 6.21 × 10 7 mu/ year; the changes can be divided into several distinct phases. The area increased significantly during the periods 1950-1970 and 1995-2012 , while the area remained stable during the period 1970-1995 (Figure 7a ). The grain crop area decreased substantially after 1970 before reversing in 2008. The area of planted wheat and corn changed in a similar manner to that of the crop acreage, experiencing a progression of increases, decreases, and ultimately increase again. Because of the increased yield per mu, the wheat and corn yields increased substantially (Figure 7c-d) . After 2000, the yield/mu maintained a relatively constant level; an increasing trend was not well defined. Therefore, when agriculture developed to a certain level, it was challenging to achieve increasing yields through improved irrigation measures and increased input in the agriculture sector. The economic crop area exhibited a continuous increasing trend. Moreover, in 1998, the planted area exceeded the grain crop area. In the case of cotton, the area, yield and yield per mu increased after 1980 (Figure 7b ). Based on the above analysis, the crop acreage increased in Xinjiang primarily due to increased economic crops.
The statistical results show that the devastated farmland resulting from meteorological disasters increased (either based on the disaster area or the disaster ratio), especially after 1970 (Figure 8a ). Flood disaster areas ( Figure 8b ) were primarily concentrated after 1987, which confirms that the climate in Xinjiang shifted from warm and dry to warm and wet around 1987. Droughts and storms occurred primarily after 1970 (Figure 8c-d) . The increasing trend in the storm disaster area was very well defined. For example, the storm disaster area was 210000 acres in the 1960's and increased to 2430000 acres in the 2000's. The proportion affected by low temperatures increased after 1995, especially in 2009, which is when the proportion reached 20% (Figure 8e ). This finding indicates that the climate warmed, which simultaneously exacerbated the climate instability and resulted in extreme low temperature events during some periods.
The correlation coefficients between the trend in regional climate extremes and the disaster area are shown in Table 2 . The statistical data representing the affected areas may be not comprehensive before 1986; therefore, we also discuss data since 1986 via a separate analysis (Table 3 ). The disaster area exhibited a significant correlation with extreme temperature drought indices, especially the TN10p and TX90p, indicating that the disaster area was primarily controlled by temperature extremes. When the summertime temperature was warm, the corresponding affected farmland area increased. The reasons for floods/droughts are complex and are closely related to the weather, geographical conditions, water conservancy facilities, soil structure, and primarily precipitation extremes. Regardless, changes in the frequency (R0.1), intensity (SDII), amplitude (R10) and duration (CWD) of precipitation events will increase the flood disaster area (Table 2) . Drought events exhibited a negative correlation with extreme precipitation events, i.e., when the precipitation intensity and frequency increased, the number of drought events decreased. The enhanced warm temperature extremes (WSDI) resulted in intensified drought. For example, high temperatures in winter increase soil moisture evaporation, affect the safe overwintering of crops, decrease soil entropy, and increase the possibility of soil drought. The PDSI exhibited a negative correlation with drought events, especially after 1986 (Table 3) , which is when the correlation was significant. This result indicates that the PDSI partially reflects the drought extent, which can be used to assess drought events in Xinjiang. The storm disaster area was related to the temperature index, indicating that extreme temperatures play a vital role in the formation of strong convective weather. Moreover, the low temperature disaster area was also associated with the extreme temperature index; however, the correlation was found to be positive when compared with warm temperature extremes, which is inconsistent with the actual relationship. This result may be related to climate change variability. For example, within a single year, extremely warm events can occur in combination extremely cold events. The cold events lead to rapid increases in the disaster area. Xinjiang has a typical irrigation agriculture; the shortage of water resources is very serious due to the sharp increase in irrigated area. Based on the exponential growth in rural consumption (Figure 9 ), we can speculate that the annual extracted groundwater volume increased. Moreover, the effective irrigation area decreased substantially in recent years, which has also resulted in an increase in the disaster area, especially due to the expansion of drought-affected areas.
Conclusions
The characteristics of Xinjiang meteorological disasters were analyzed using extreme indices and the PDSI. Combined with data for the farmland disaster area, we also analyzed the influence of meteorological disasters on the agricultural and ecological systems. The primary conclusions of this study are as follows: 1) In Xinjiang, the climate became warmer and wetter, with cold extremes decreasing and warm extremes increasing. Moreover, climate extremes derived from daily minimum temperatures were more numerous that the extremes derived from daily maximum temperatures, which was found to be consistent with the significantly decreased DTR. Precipitation extremes also increased due to the increase in both precipitation frequency and intensity. Frequent and long droughts occurred from 1960 to 1986, although wet climates prevailed from 1987 to 2010. However, after 2003, droughts became more prolific, which was reflected in a drastic decrease in the PDSI. 2) Extreme temperatures had a significant effect on the farmland disaster area in Xinjiang. For example, summertime warm events resulted in an increase in the affected farmland area. Floods were primarily related to extreme precipitation, while the storm disaster area and the low temperature disaster area were the result of changes in temperature extremes. Climate change can also affect the agricultural ecosystem and the oasis crop yield and quality in various ways, leading to increased instability in agricultural production. This study showed that the strengthening of climate warming and evaporation capacity not only increased the soil moisture but also decrease the soil entropy, increased spring drought, accelerated the production of organic matter due to soil microbial decomposition, resulting in the decline in soil fertility and decreased yields. To maintain soil fertility, the fertilization amount must also increase. Although the climate warming can improve grain yields in some regions, climate warming can cause the agriculture water consumption per unit to increase, which also increases production costs. Especially in winter, an increase in extreme minimum temperatures will reduce overwinter human mortality, expand agricultural pest regions, increase the pesticide control difficulty and application amount. Figure 9 Changes in rural electricity consumption and the effective irrigation area in Xinjiang.
